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(1) 首次实验测定了 Zr-Cu-Al 三元系在 1000℃和 1100℃时的等温截面相图,
本研究首次在该体系 1100℃等温截面相图富 Cu 侧发现新的三元化合物τ10。同
时，在 1100℃等温截面相图的富 Zr 侧出现液相区。 
(2) 实验测定了 Zr-Cu-Ni 三元系在 1000℃和 1100℃时的等温截面相图，在
该两个等温截面中在 Zr-Cu 侧均出现较大的液相区，在 1000℃时，在富 Zr 侧存
在连续固溶体相 Zr2(Cu,Ni)。 
(3) 基于 Zr-Cu 二元合金相图，在共晶点附近选择合金成分，利用急冷技术
制备 Zr-Cu 二元系带状非晶并进行表征，从而对该二元系合金的非晶形成能力
进行探索。基于本研究所获得的 Zr-Cu-Al 三元 1100℃等温截面相图在富 Zr 侧
出现的液相区设计合金成分，首次在该成分区域制备出 Zr-Cu-Al 非晶薄带。 
本实验获得的相平衡实验结果，将作为 Zr 基和 Cu 基合金热力学数据库的
一个重要组成部分，并为 Zr-Cu-Al 和 Zr-Cu-Ni 三元相图的热力学计算提供实验



















Zirconium-based metallic glasses are widely used as structural material, 
micromodule and erosion-proof alloys in the field of mechanism, chemical 
engineering, petroleum, aviation, spaceflight and energy due to their high strength, 
high rigidity and good anti-oxidation. As a competitive candidate of next generation 
high strength materials, the fast development of Zr-based bulk metallic glasses 
(BMGs) is meaningful. Phase diagram has been recognized as an important tool in 
the design of new materials. Thus, in order to design new Zr-based BMG alloys, it’s 
quite necessary to investigate the phase equilibria of involved systems. In the present 
work, the experimentally determination of isothermal sections in Zr-Cu-Al and 
Zr-Cu-Ni systems were carried out. According to the phase equilibria investigated, 
compositions were designed and Zr-Cu-Al metallic glasses were prepared by fast 
quenching. Major research contents are listed as follows: 
(1) The phase equilibria of the Zr-Cu-Al system at 1000℃ and 1100℃ are 
experimentally determined for the first time, and a ternary compound named τ10 is 
firstly found. In addition, a new liquid phase region is discovered at the Zr-riched 
corner in the isothermal section at 1100℃. 
(2) The phase equilibria of the Zr-Cu-Ni system at 1000℃ and 1100℃ are 
experimentally determined, and a large liquid phase region is found at the Zr-Cu side 
in both of the two isothermal sections. A complete solid solution phase Zr2(Cu,Ni) is 
detected at the Zr-riched corner.  
(3) The compositions of Zr-Cu alloys are designed based on the Zr-Cu binary 
diagram, and in order to study the glass formation ability of Zr-Cu system, the Zr-Cu 
amorphous ribbons are prepared and analyzed by X-ray diffraction and DSC 
methods. The compositions of Zr-Cu-Al alloys are designed based on the discovery 
of new liquid phase at Zr-riched corner in the 1100℃  isothermal section of 
Zr-Cu-Al system determined by this work, amorphous ribbons are firstly prepared by 















The obtained results in this work can be applied to establish the thermodynamic 
database of the Zr-based and Cu-based alloys, and provide experimental data for the 
thermodynamic analysis of Zr-Cu-Al and Zr-Cu-Ni systems, and provide important 
theoretical guidance on designing the composition of the Zr-based metallic glasses. 
 
















摘 要 ........................................................................................................... I 
Abstract .................................................................................................... II 
第一章 绪 论 ............................................................................................ 1 
1.1 非晶材料和非晶合金的发展概况 ................................................................. 1 
1.2 非晶合金的制备和形成条件 .......................................................................... 2 
1.2.1 非晶合金的制备方法............................................................................ 2 
1.2.2 非晶合金形成条件................................................................................ 6 
1.2.3 非晶合金形成能力判据...................................................................... 10 
1.3 相图在非晶合金中的应用 ............................................................................ 15 
1.4 相图测定方法 ................................................................................................ 15 
1.5 本论文的研究目的及内容 ........................................................................... 17 
参 考 文 献 ............................................................................................ 18 
第二章 样品制备及实验方法 ................................................................ 21 
2.1 相图实验测定 ............................................................................................... 21 
2.1.1 合金样品的制备.................................................................................. 21 
2.1.2 热处理方法.......................................................................................... 21 
2.1.3 显微组织观察...................................................................................... 22 
2.1.4 成分分析.............................................................................................. 22 
2.1.5 X-ray 晶体结构分析 ............................................................................ 22 
2.1.6 相转变温度的测定.............................................................................. 22 
2.2 非晶合金制备 ............................................................................................... 23 
2.2.1 实验设备.............................................................................................. 23 
2.2.2 非晶合金的成分设计 ......................................................................... 23 
2.2.3 非晶薄带的制备 ................................................................................. 24 















第三章  Zr-Cu-Al 三元系相平衡的实验测定 ..................................... 25 
3.1 引言 ............................................................................................................... 25 
3.2 Zr-Cu-Al 三元系的实验相图信息 ............................................................... 25 
3.2.1 基础二元系.......................................................................................... 25 
3.2.2 Zr-Cu-Al 三元系 .................................................................................. 27 
3.3 Zr-Cu-Al 三元系等温截面相平衡的实验测定 ........................................... 27 
3.3.1 实验方法.............................................................................................. 27 
3.3.2 Zr-Cu-Al 三元系的实验结果与讨论 .................................................. 28 
3.4 本章小结 ....................................................................................................... 33 
参 考 文 献 ............................................................................................ 34 
第四章  Zr-Cu-Ni 三元系相平衡的实验测定 ..................................... 56 
4.1 引言 ............................................................................................................... 56 
4.2 Zr-Cu-Ni 三元系的实验相图信息 ............................................................... 56 
4.2.1 基础二元系.......................................................................................... 56 
4.2.2 Zr-Cu-Ni 三元系 .................................................................................. 57 
4.3 Zr-Cu-Ni 三元系等温截面相平衡的实验测定 ........................................... 57 
4.3.1 实验方法.............................................................................................. 57 
4.3.2 Zr-Cu-Ni 三元系的实验结果与讨论 .................................................. 58 
4.4 本章小结 ....................................................................................................... 62 
参 考 文 献 ............................................................................................ 63 
第五章 Zr-Cu 二元系与 Zr-Cu-Al 三元系带状非晶合金的制备与表征
 ................................................................................................................... 80 
5.1 引言 ............................................................................................................... 80 
5.2 Zr-Cu 二元系带状非晶合金的制备与表征 ................................................. 80 
5.2.1 Zr-Cu 二元系带状非晶的制备 ............................................................ 80 
5.2.2 Zr-Cu 二元系带状非晶合金的表征 .................................................... 81 
5.3 Zr-Cu-Al 三元系带状非晶合金的制备与表征 ........................................... 82 















5.3.2 Zr-Cu-Al 三元系带状非晶合金的表征 .............................................. 83 
5.4 本章小结 ....................................................................................................... 84 
参 考 文 献 ............................................................................................ 85 
第六章 总结 ............................................................................................ 96 
致 谢 ......................................................................................................... 97 
































Abstract (Chinese) .................................................................................... I 
Abstract (English) ................................................................................... II 
CHAPTER 1 Introduction ....................................................................... 1 
1.1 Summaries of amorphous alloys .................................................................... 1 
1.2Forming mechanism and preparation of amorphous alloys ........................ 2 
1.2.1 Preparing method of amorphous alloys .................................................. 2 
1.2.2 Forming conditions of amorphous alloys ............................................... 6 
1.2.3 Principles of glass formation ability of amorphous alloys .................... 10 
1.3 Application of phase diagram in amorphous alloys design ....................... 15 
1.4 Determination method of phase diagram ................................................... 15 
1.5 Major purpose and content of this work .................................................... 17 
Reference .................................................................................................. 18 
CHAPTER 2 Experimental method ...................................................... 21 
2.1 Experimental method of phase diagram ..................................................... 21 
2.1.1 Preparation of alloy method .................................................................. 21 
2.1.2 Heat treatment method .......................................................................... 21 
2.1.3 Observation of microstructures ............................................................. 22 
2.1.4 Determination of alloy composition ..................................................... 22 
2.1.5 Analyzation of crystal structure by X-ray diffraction ........................... 22 
2.1.6 Determination of the phase transformation temperature ...................... 22 
2.2 Preparation and analysis method of amorphous alloys ............................. 23 
2.2.1 Experimental equipments...................................................................... 23 
2.2.2 Designation of amorphous alloys.......................................................... 23 
2.2.3 Preparation of amorphous alloys .......................................................... 24 
2.2.4 X-ray diffraction and DSC analysis of amorphous ribbons .................. 24 















Zr-Cu-Al system .................................................................................... 25 
3.1 Introduction ................................................................................................... 25 
3.2 Experimental information of the Zr-Cu-Al system ................................... 25 
3.2.1 Basic binary systems ............................................................................. 25 
3.2.2 Zr-Cu-Al ternary system ....................................................................... 27 
3.3 Experimenal investigation of isothermal sections in the Zr-Cu-Al ternary 
system ........................................................................................................... 27 
3.3.1 Experimental method ............................................................................ 27 
3.3.2 Experimental results and discussion of the Zr-Cu-Al ternary system .. 28 
3.4 Conclusions .................................................................................................... 33 
Reference .................................................................................................. 34 
CHAPTER 4 Experimental determination of phase equilibria in the 
Zr-Cu-Ni system ...................................................................................... 56 
4.1 Introdution ..................................................................................................... 56 
4.2 Experimental information of the Zr-Cu-Ni system ................................... 56 
4.2.1 Basic binary systems ............................................................................. 56 
4.2.2 Zr-Cu-Ni ternary system ....................................................................... 57 
4.3 Experimenal investigation of isothermal sections in the Zr-Cu-Ni ternary 
system ................................................................................................................... 57 
4.3.1 Experimental method ............................................................................ 57 
4.3.2 Experimental results and discussion of the Zr-Cu-Ni ternary system .. 58 
4.4 Conclusions .................................................................................................... 62 
Reference .................................................................................................. 63 
CHAPTER 5 Preparation and analysis of Zr-Cu and Zr-Cu-Al 
amorphous ribbons ................................................................................. 80 
5.1 Introductin ..................................................................................................... 80 
5.2 Preparation and analysis of Zr-Cu amorphous ribbons ........................... 80 















5.2.2 Analysis of Zr-Cu amorphous ribbons .................................................. 81 
5.3 Preparation and analysis of Zr-Cu-Al amorphous ribbons ...................... 82 
5.3.1 Preparation of Zr-Cu-Al amorphous ribbons ........................................ 82 
5.3.2 5.2.2 Analysis of Zr-Cu-Al amorphous ribbons .................................... 83 
5.4 Conclusions .................................................................................................... 84 
Reference .................................................................................................. 85 
CHAPTER 6 Conclusions ...................................................................... 96 
Acknowledges .......................................................................................... 97 


































等人在 Duwez 小组制备的 Au-Si、Pd-Si 和 Pd-Cu-Si 非晶合金中证实了玻璃转变
的存在[4]。Turnbull 提出的抑制过冷液体中形核的理论作为非晶形成能力的判据
被证明是有效的，而且是迄今为止最有效的判据之一。 
























成能力（Glass Forming Ability，GFA）。他们采用金属模浇铸（metal mold casting）
方法系统评估合金熔体转变成非晶合金的临界冷却速率，获得了 La 基[8] 、Mg




































                     表 1.1 大块金属玻璃体系开发年代和成分 
             Fig. 1.1 The development of Bulk metallic glass systems 
 
Ⅰ.Nonferrous metal base Years 
Mg-Ln-M (Ln=Lanthanide metal, M=Ni, Cu or Zn) 1988 











Ⅱ. Ferrous Group metal base  
Fe-(Al, Ga)-(P, C, B, Si, Ge) 1995 
Fe-(Nb, Mo)-(Al, Ga)- (P, B, Si) 1995 
Co-(Al, Ga)-(P, B, Si) 1996 
Fe-(Zr, Hf, Nb)-B 1996 
Co-Fe-(Zr, Hf, Nb)-B 1996 
Ni-(Zr, Hf, Nb)-B 1996 
Fe-Co-Ln-B 1998 
Fe-(Nb, Cr, Mo)-(P, C, B) 1999 
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